Introduction
The first international formulation for the viscosity and thermal conductivity of fluid H 2 0 (ordinary water substance) was prepared in 1964 by a panel elected for the purpose by the Sixth International Conference on the Properties of Steam held in Providence and New York in 1963. I The Sixth International Conference on the Properties of Steam also established an International Formulation Committee which completed a Formulation for the Thermodynamic Properties of Water Substance for Industrial Use in 1967 (lFC 67 Formulation)2.3 and a Formulation for the Thermodynamic Properties of Water Substance for Scientific and General Use in 1968 (IFC 68 Formulation).4.5 The Seventh Conference on the Properties of Steam held in Tokyo in 1968 authorized the creation of an International Association for the Properties of Steam (lAPS). During the past fifteen years, lAPS has coordinated an active international research program with the goal of obtaining @1986 by the U.S. Secretary of Commerce on behalf of the United States. This copyright is assigned to the American Institute of Physics and the American Chemical Society. Reprints available from ACS; see Reprints List at back of issue. improved formulations for the thermophysical properties of both ordinary and heavy water substance. The Eighth International Conference on the Properties of Steam held in 1974 established a Special Committee for the purpose of preparing new formulations for the viscosity and for the thermal conductivity of water substance. Based on the recommendations of this Special Committee, lAPS issued a document entitled "Release on Dynamic Viscosity of Water Substance" in 1975 2 .6-9 and a document entitled "Release on Thermal Conductivity of Water Substance" in 1977. 2 .9-11 The Ninth International Conference on the Properties of Steam held in Munich in 1979 empowered the Executive Committee (EC) of lAPS to issue, among others, a release on the thermodynamic properties of ordinary water substance for the purpose of replacing the IFC 68 Formulation for Scientific and General Use and also to issue a release on the thermodynamic properties of heavy water substance. The resulting releases, prepared by Working Group I of lAPS, have been described in a previous publication in this journalY The EC of lAPS adopted in 1982 a Provisional lAPS Formulation 1982 for the Thermodynamic Properties of Ordinary Water Substance for Scientific and General Use and a Provisional lAPS Formulation 1982 for the Thermo-r dy~mic Properties of Heavy Water Substance. 13 These formulations were based on a fundamental equation for the thermodynamic properties of H 2 0 developed by Haar, Gallagher, and Kell l4 , 15 and a fundamental equation for the thermodynamic properties of D 2 0 developed by Hill, and Lee. 16 , 17 Finally, the Tenth International Conference on the Properties of Steam held in Moscow in 1984 adopted the lAPS Formulation 1984 for the Thermodynamic Properties of Ordinary Water Substance for Scientific and General Use and the lAPS Formulation 1984 for the Thermodynamic Properties of Heavy Water Substance. 12 The formulations adopted in 1984 for the thermodynamic properties of H 2 0 and D 2 0 are identical with the provisional formulations earlier adopted in 1982, except that the equations were cast in dimensionless forms as proposed by Kestin et al, l8, l9 The task of further studying the transport properties of HzO and DzO had been assigned to Working Group II, established in 1977 after the Special Committee on Transport Properties had completed its assignment of preparing formulations for the viscosity and thermal conductivity of ordinary water substance. The names of the individual members of Working Group II are listed in Table 1 . Working Group I, on the equilibrium properties of H 2 0 and DzO, and Working Group II remained active until the reorganization of the working groups of lAPS, authorized by the Tenth International Conference on the Properties of Steam in 1984.1z The equations for the viscosity and thermal conductivity yield these transport properties as functions of temperature and density. One needs an equation of state to convert the pressures into densities. For this purpose the release on viscosity of ordinary water substance issued in 1975 and the release on thermal conductivity of ordinary water substance issued in 1977 were based on the IFC 68 Formulation for Scientific and General Use. Following the recommendations of Working Group II, lAPS amended these releases in 1982 so as to make them consistent with the Provisional lAPS Formulation 1982 for the Thermodynamic Properties of Ordinary Water Substance for Scientific and General Use which superseded the IFC 68 Formulation. 20,21 Also in In the intervening period, it had become evident that some improvements could be made in the formulations for the viscosity and thermal conductivity of ordinary water substance. Firstly, the equations for these transport properties adopted in 1975 and 1977 were restricted to the range of validity of the IFC 68 Formulation: namely, from 0 to 800 ·C in temperature and up to 100 MPa in pressure. Since the lAPS Formulation 1984 for the Thermodynamic Properties of Ordinary Water Substance is valid in a wider range of temperatures and pressures, it became possible to check to what extent the equations for the viscosity and thermal conductivity can be extrapolated outside the range for which they were originally developed. Secondly, using improved methods for the statistical analysis of data, Watson and coworkers 23 had noted that the number of terms in the international equation for the viscosity could be reduced significantly, while at the same time obtaining an improVed agreement with experimental data. 20 . 23 ,24 Finally, it had become possible to account for the singular behavior of the viscosity near the critical point,23,25 an effect which had not been incorporated in the international equation. When lAPS completed the task of providing a new formulation for the thermodynamic properties of water substance in 1984, the Tenth International Conference on the Properties of Steam empowered the EC of lAPS to issue also revised releases for the transport properties incorporating the improvements mentioned above. Accordingly, at its meeting in 1985, the EC of lAPS issued a Release on the lAPS Formulation 1985 for the Viscosity of Ordinary Water Substance, and a Release on the lAPS Formulation 1985 for the Thermal Conductivity of Ordinary Water Substance. The purpose of this paper is to present these new releases which supersede the releases on the transport properties issued in 1975 and 1977 and amended in 1982 . Since the research leading to these new releases has been documented in previous publications in this journal,20,21,23 we restrict ourselves here to an explanation of the new releases with the purpose of clarifying the nature ofthe revisions.
lAPS Formulation 1985 for the Viscosity of Ordinary Water Substance
A verbatim copy of the Release on the lAPS Formulation 1985 for the Viscosity of Ordinary Water Substance is attached as Appendix I to this publication.
The release contains three parts. Appendix A of the release contains a table of critically evaluated experimental data. This table was originally prepared by Scheffler, Straub, and Grigu1l 26 and it is the same as the one contained in the old release on viscosity,zo Appendix B of the release contains a recommended interpolating equation which is a representative equation developed by Watson, Basu, and Sengers,23 but cast in a dimensionless form as proposed by Kestin et al. 18 For this purpose the temperature T, the density p, the pressure P, and the viscosity Ji are made dimensionless by defining T=T/T*, p=p/p*, P=P/P*,
in terms of the reference values T* = 647.27 K, p* = 317.763 kg/m 3 , P * = 22.115 X 10 6 Pa, p,* = 55.071 X 10-6 Pa s.
(3)
(4)
The dimensionless temperature, density, and pressure defined by Eq. (1) are the same as those adopted in the lAPS Formulation 1984 for the Thermodynamic Properties of Ordinary Water Substance for Scientific and General Use. 12
The reference constants T *, p*, and P * are close to but not identical with the critical parameters of steam. 27 The recommended interpolating equation for viscosity has the form (5) The function ,uo (T) represents the viscosity of water vapor and steam in the ideal-gas limit (6) The values of the coefficients in this function were originally determined by Aleksandrov, Ivanov, and Matveev 28 ;  except for a conversion factor due to the adoption of the reference value of Eq. (4) for p, *, they are the same as in the old re-
lease. 7 • 2o
The function ,u 1 ( T,p) has the form ,u1 (T,p) 
The previous recommended interpolating equation for vis-cosity7.20 contained a factor similar to that defined by Eq. (7), but with 30 nonzero coefficientsHij. The revised recommended interpolating equation contains 19 nonzero coefficients whose values were determined by Watson et al. 23 The product,uo (T) X,u I (T,p) is equivalentto the equation designated as "Alternative. equation for the viscosity of water substance" by The function ,u2 (T,p) is a correction factor to account for the singular behavior in the immediate vicinity of the critical point. 25 The factor ,u2 is equal to unity everywhere except in a small range of temperatures and densities specified by 0.9970<;T<; 1.0082, 0.755<ji<; 1.290. 
For temperatures between 0 and 800 ·C and at pressures up to 100 MPa the recommended interpolating equation reproduces the values of the critically evaluated experimental data in Appendix A of the release within the stated tolerances. 2o An evaluation of the accuracy of the equation at temperatures above 800 °C and at pressures above 100 MPa can be found in a previous publication. 23
lAPS Formulation 1985 for the "rhermal Conductivity of Ordinary Water Substance
A verbatim copy of the Release on the lAPS Formulation 1985 for the Thermal Conductivity of Ordinary Water Substance is attached as Appendix II to this publication. The release contains five parts. The information in Appendixes A and D is identical with that in the same Appendixes in the old release except for some minor editorial adjustments. Appendixes B, C, and E incorporate revisions.
Appendix A gives tables of critically evaluated experimental data. These tables were originally prepared by Scheffler, Rosner, and Grigull.1O Table A .I in the release is identical with the corresponding table in the old release. 21 Table A .II in the old release also contained entries for the values of the saturation properties at 0,374, and 374.15 DC. In the previous release no tolerance was assigned to the thermal conductivity of saturated vapor and liquid at 374 and 374.15·C because oflack of reliable experimental information. 21 The saturation-property values previously listed at o °c correspond, strictly speaking, to a metastable state. For these reasons it was decided to delete the entries for 0, 374, and 374.15 °c in all tables of the saturation properties in both releases.
Appendix B of the release contains a recommended interpolating equation for industrial use. This thermal-conductivity equation is to be used in conjunction with the IFC 1967 Formulation for Industrial Use. The recommended interpolating equation for industrial use was developed by Yata and Minamiyama 31 and is identical with the recommended interpolating equation for industrial use in the old release,21 except that the coefficients have been made dimensionless. As discussed in a previous publication,21 the thermal-conductivity equation for industrial use is not in good agreement with the experimental thermal-conductivity data of Tsederberg et al. 32 at high pressures and temperatures. For this reason it was decided to reduce the recommended region of validity to P, 100 MPa and 0 DC,t,500 DC, } P,70 MPa and 500 °C,t,650 °c, P,40 MPa and 650 ·C,t,800 DC.
(11) Appendix C of the release contains a recommended interpolating equation for scientific use to be used in conjunction with the lAPS Formulation 1984 for the Thermodynamic Properties of Ordinary Water Substance. This thermal-conductivity equation is identical with the "Alternative thermal-conductivity equation for scientific use" discussed in a previous publication,32 except that it has been cast in the dimensionless form proposed by Kestin et al. 18 The reduced temperature 1', reduced density p, and reduced pressure P are again as those defined by Eq. (1), while the thermal conductivity A is made dimensionless by defining (12) with A'" = 0.4945 W m-! K-I .
We note in passing that the dimensionless temperature, density, and thermal conductivity in the thermal-conductivity equation for industrial use, described in Appendix B of the release, are defined in terms of different reference values for T*,p*, and A *. The functions 10 (I') and II ( T,p) are the same as the corresponding functions in the old release, except that the function 10 (I') has now been made dimensionless. The function 1 0 0') represents the thermal conductivity of water vapor J. Phys. Chem. Ref. Data, Vol. 15, No.4, 1986 and steam in the ideal-gas limit and has the form 1 0 (1') =/T/ ± (L;lTi). i=O (15) The coefficients in this equation were orginally determined by Aleksandrov and Matveev?3 The function II (T;P) has the form
with coefficients originally determined by Watson. 34 The term 1 2 {T,p) represents the enhancement of the thermal conductivity in the critical region and has the form
This function is a dimensionless version of the critical thermal-conductivity enhancement LlA, adopted in the old release,2! except that the product Po (I') XPI (T,p) now has to be calculated from the equations in the lAPS Formulation 1985 for the Viscosity of Ordinary Water Substance as explained in the preceding section. We note that Eq. (17) 
An evaluation of the accuracy of the recommended thermal conductivity equations can be found in a previous publication. 21 For temperatures between 0 and 800 °c and at pressures up to 100 MPa it reproduces the critically evaluated experimental data in Appendix A of the release within the , stated tolerances. 21 There does not exist a formal international agreement on how to calculate the thermophysical properties of steam in the immediate vicinity of the critical point. The lAPS Formulation 1984 for the Thermodynamic Properties does not incorporate the known nonanalytic asymptotic critical behavior of these properties. 35 The lAPS Formulation 1984 for the Thermodynamic Properties, therefore, does not include a small region around the critical point where I T-T* 1< 1 K and Ip -11 < 0.3. As recommended by Kestin et al., 18 close to the critical point it is better to use the representative equations for the viscosity and thermal conductivity of steam in conjunction with the scaled equation of state of Levelt Sengers and co-workers. 36 Appendix D of the release gives tables of thermal-conductivity values calculated from the recommended interpolating equation for industrial use.
Appendix E of the release gives tables of thermal-conductivity values calculated from the recommended interpolating equation for scientific use.
Acknowledgments
The authors express their appreciation to the members of Working Group II of lAPS listed in Table I for their extensive research towards the development of the formulations for the viscosity and thermal conductivity of H 2 0. They are also indebted to J. S. Gallagher and J. C. Nieuwoudt for their assistance in checking the calculations and to J. Kestin This equation reproduces the data given in Appendix A within the assigned tolerances. It is a slightly modified version of an interpolating equation issued by lAPS in September 1975. A discussion of the equation can be found in Secs. 3 and 4 ofthe paper, "Representative Equations for the Viscosity of Water Substance," by J. V. Sengers and B. Kamgar-Parsi, J. Phys. Chern. Ref. Data 13,185 (1984) .
Appendix C gives tables of viscosity values calculated at selected grid points from the recommended interpolating equation defined in Appendix B. These represent smoothed and internally consistent viscosity values and are included for practical convenience.
Appendix A. Table of Critically Evaluated
Experimental Data (reduced to a uniform grid)
Upper value: viscosity of water and steam, Jl m JlPa s(=10-6 kglm s).
Lower value: uncertainty in the viscosity, ± Ap, in JlPa s(=10-6 kglm s).
Pressure P in MPa. Temperature t in ·C.
Appendix A. p denotes density.a) P denotes pressure. p denotes viscosity.
B.2. Reference Constants
Reference temperature:
Reference density:
Reference pressure: The three reference constants T", p", and P " are close to but not identical with the critical constants.
B.3. Dimensionless Variables
Temperature: Density: Pressure: Viscosity:
lAPS endorses the validity ofEq. (10) for the viscosity in the following range of pressures P and temperatures t: P<" 500 MFa for 0 °C<" t<" 150°C, P<,,350 MPa for 150 °C<"t<,,600 ·C,
P<,,300 MPa for 600 ·C<"t<,,900 dc.
B.S. Interpolating Equation
The viscosity is represented by the equation
The first term of the product gives the viscosity of steam in the ideal-gas limit and has the form 
For scientific use the function iiz is again given by Eq. (13) except for a very narrow near-critical range circumscribed by O. 9970<"T<"l.OO82, 0.755<"p<, , 1.290. (14) Inside the near-critical region ofEq. (14) Viscosity of saturated vapor /lIt and viscosity of saturated liquid/l' in/lPa s(=10-6 kg/m s).
Pressure Pin MPa. Temperature t in "C. 
B.2. Reference Constants
Reference density: p* = 317.7 kg/m 3 , (2) Reference thermal conductivity: A. * = 1 W m -I K -I, (3) The two reference constants T* andp* are close to but not identical with the critical constants. B.S. Interpolating Equation (7) The values appearing in Tables A.I and A.II may be reproduced within the stated tolerances by the use of the following empirical interpolating equation which is recommended for industrial use. This equation yields a finite value of the thermal conductivity at the critical point instead of the theoretically justified infinity.
The interpolating equation for industrial use is defined by (8) The function Io(T) represents the thermal conductivity of steam in the ideal-gas limit and has the form 3 IoCT) = ff L a k T\ (9) k=O with the coefficients ak given in Table B .I. The function
with coefficients b i and B; given in 
C -
_ _ 6_ for T < 1.
6.1' 3 / 5
The coefficients d i and C i are given in Table RIll. B.6. Remarks
Users should be aware of the fact that the above equation is subject to exponential underflows which most computers set to zero; this causes no errors in the final result.
The equation adopted in this Appendix is not the only possible, relatively simple, empirical interpolation formula. An alternative form has been proposed in Engineering Sci- 
C.2. Reference Constants
Reference temperature: T*=647.27K,
Reference density: The three reference constants T *, p*, and P * are close to but not identical with the critical constants.
C.3. Dimensionless Variables
Temperature:
1'= T IT*, (24) The values appearing in Tables A.I and A.II may also be reproduced within the stated tolerances by the following alternative equation which incorporates in it the present-day understanding of the nature of the critical anomaly in thermal conductivity. In particular, the thermal conductivity becomes infinite at the critical point.
C.S. Interpolating Equation
The interpolating equation for scientific use is defined by (25) The factor Io(T) represents the thermal conductivity of steam in the ideal-gas limit and has the form
;=0 T' with coefficientsL i given in 
where the functionspo(T) andpi (T,p) Smoothed values obtained with the aid of the interpolating equation defined in Appendix B together with the constants listed therein, and density values based on the 1967 IFC Formulation for Industrial Use. (Note: To assist in programming, the tabular entries contain more significant digits than is justified by the tolerances listed in Table A Temperature t in 0c.
Smoothed values obtained with the aid of the interpolating equation defined in Appendix B together with the constants listed therein, saturation pressure and saturation densities from the 1967 IFC Formulation for Industrial Use. (Note: To assist in programming, the tabuJarentries contain more significant digits than is justified by the tolerances listed in Table A .n.) Temperature t in 0c.
Smoothed values obtained with the aid of the interpolating equation defined in Appendix C together with the constants listed therein with saturation pressures and saturation densities as well as the values of the thermodynamic derivatives based on the lAPS Formulation 1984 for the Thermodynamic Properties of Ordinary Substance for Scientific and General Use. (Note: To assist in programming, the tabular entries contain more significant digits than is justified by the tolerances listed in 
